Introduction
As is the case for many other insects, especially orthopterans (Beenakkers et al., 1985; Candy, 1989) , the fl ight-capable morph of G. fi rmus accumulates substantially more total lipid and triglyceride, than its fl ight-capable counterpart during the fi rst week of adulthood (Zera and Larsen, 2001) . Subsequent biochemical studies have shown that the increased lipid (triglyceride) levels in the dispersing morph are produced by elevated de novo biosynthesis of fatty acids, increased diversion of fatty acids into triglyceride as opposed to phospholipid biosynthesis, and decreased oxidation of fatty acids relative to the fl ightless morph (Zhao and Zera, 2002; Zhao, 2003a and Zhao, 2003b; Zera, 2005) .
Alterations in amino acid metabolism are also expected to play an important role in morph specialization for fl ight vs. reproduction. Amino acids can be metabolized by a variety of pathways (Candy, 1985; Clements, 1959; Stryer, 1988) , whose products can contribute importantly to fl ight or reproductive functions (Boggs, 1992; O'Brien et al., 2002 and O'Brien et al., 2005) . Amino acids are precursors of somatic (e.g. fl ight muscle) and reproductive proteins (e.g. vitellogenin) (path-way 1 , Fig. 1a) ; they can also serve as an important energy source via conversion to Krebs Cycle intermediates (pathway 2), and subsequent oxidation to CO 2 (Clements 1959) (pathway 3, Fig. 1a) ; fi nally, amino acids can be transformed, via the Krebs Cycle, into a variety of somatic or reproductive macromolecules such as lipid (Kon and Monroe, 1971) (pathway 4, Fig. 1a) . Although morph specializations for dispersal vs. reproduction are expected to require changes in the relative fl ux through these pathways, no study has reported on this topic for any wing-polymorphic insect. In the present study we used a radiolabelled amino acid to investigate the relative in vivo fl ux through the three main pathways of amino acid metabolism described above in the fl ight-capable and fl ightless morphs of G. fi rmus. This study is part of a larger investigation of the genetic and environmental infl uences of the biochemical basis of the dispersal-reproduction trade-off (reviewed in Zera, 2005; Zera and Zhao, 2006) . Here we present data on unselected control populations of G. fi rmus in which morphs were fed a variety of diets expected to infl uence amino acid and lipid metabolism. Morph-specifi c amino acid metabolism was measured prior to and during the period when ovarian growth tradesoff with fl ight fuel production in the morphs. In a companion study, we investigated the genetic basis of morph differences in amino acid metabolism in artifi cially selected lines raised on a single (standard) diet (Zera and Zhao, 2006) .
Materials and methods

Background on G. fi rmus: morphs, selected lines and rearing conditions
G. fi rmus, the sand fi eld cricket, occurs in natural populations in the southeastern United States as a long-winged (LW) morph, some of which are capable of fl ight, or as a short-winged (SW) morph that is obligatorily fl ightless (Veazy et al., 1976; . Except in a few rare cases, all SW females molt into adults with white, nonfunctional, underdeveloped fl ight muscles. All LW females initially have fully developed (pink) fl ight muscles at or shortly after the adult molt [denoted LW(f)]; however, fl ight muscles degenerate in some of these females rendering them fl ightless. The stocks used in the present study contained a low frequency of LW females with histolyzed fl ight muscles during the period of adulthood (fi rst week) studied (<10%), and the LW-fl ightless morph is not considered here (see Zhao and Zera, 2001 for physiological and biochemical information on this morph).
Glycine metabolism was measured in females from two unselected, control lines that were part of an artifi cial selection study. The selection study consisted of three blocks (independent selection trials), each of which contains a line selected for the LW(f) morph and a line selected for the SW morph. Two of the blocks (1 and 2) had unselected control lines. In these control lines an equal number of LW and SW males and females were bred each generation. This breeding design was Figure 1 . (a) Metabolic fates of the amino acid glycine, investigated in the present study: (A) utilization for protein biosynthesis (pathway 1), (B) oxidation to CO 2 via the Krebs cycle (pathways 2+3), and (C) transformation into lipid (pathways 2+4). Other metabolic fates are possible (e.g. conversion into carbohydrate or diversion through other pathways in the Krebs Cycle), but were not investigated. Boxed metabolites were quantifi ed, while encircled intermediates were not. Letters A-C denote the three metabolic trade-offs investigated. Values (proportional diversion of radiolabel) for these trade-offs are given in Table 3 and Table 4 . (b) Allocation trade-offs (proportional diversion of end products of metabolism to ovaries vs. soma (whole body-ovaries)). Values for these trade-offs are given in Table 3 and Table 4. used rather than randomly choosing individuals as breeders, because SW females produce about 100-400% more eggs than LW females (see Section 3). Thus, randomly choosing females as breeders would result in the fi xation of the SW morph over time. All lines had been derived from one and same base population, which, in turn was initiated from crickets collected in Gainesville, Fla. (see Zera and Cisper (2001) , and Zera (2005) for details of artifi cial selection). All lines had been raised under the same temperature (28±1° C), photoperiod (16 light: 8 dark), and had been fed the standard (100%) diet since their inception. Artifi cially selected lines have been extensively characterized with respect to aspects of lipid metabolism and life history evolution (Zera and Bottsford, 2001; Zera and Cisper, 2001; Zhao, 2003a and Zhao, 2006; Zhao and Zera, 2002; Zera, 2005 ) (see Section 4).
The main focus of the present study was the C-1 line, in which amino acid metabolism was compared between the LW(f) and SW morphs at two points in adulthood (days 0 and 5) in individuals fed three diets (described below). Morphs of a second control line (C-2) were studied under a more restricted set of conditions (amino acid metabolism measured on day 5 of adulthood in crickets fed the standard diet), mainly to determine the reproducibility of results obtained for the C-1 line for the most important environmental condition. A companion study (Zera and Zhao, 2006) reports genetic differences in amino acid metabolism in the three pairs of artifi cially selected lines described above measured in day-5 adults fed the standard diet (see Section 4). Only female morphs were measured in these studies, as was the case for previous studies of lipid metabolism (Zera, 2005) .
Diets
Starting on the day of molt to adulthood, C-1 crickets were fed one of three diets: (1) the standard high-nutrient (100%) diet, (2) a low-nutrient (25%) diet, in which 75% of the nutrients of the standard diet had been removed and substituted with nonnutritive cellulose, and (3) a high carbohydrate diet (50%), in which 50% of the nutrients of the standard diet had been removed and substituted with sucrose. These diets are known to affect whole-body mass gain, ovarian growth, lipid accumulation, and many aspects of lipid metabolism in morphs of Gryllus (Zera et al., 1998; Zera and Larsen, 2001; Zhao, 2003a and Zhao, 2003b) . C-1 crickets were raised on the high nutrient (100%) diet from egg hatch until molt to adulthood (day 0), after which they were either maintained on that diet, or switched to one of the other two diets; C-2 crickets were always fed the standard 100% diet.
Incorporation of 14 C-glycine into lipid classes, CO 2 , and protein
Methods used to measure morph-specifi c incorporation of radio-labelled carbon from 14 C-glycine into lipids, CO 2 and protein were identical to those described in Zera and Zhao (2006) . Briefl y, two μL of sterile saline (0.9% NaCl) containing 8.8×10 5 DPM of [1-14 C]-glycine (4.2 GBq/mmol; 112.7 mCi/mmol) were injected into the abdominal hemocoel of adult female crickets that had been starved for 4 h. Crickets were placed one individual per 50 ml erlenmeyer fl ask. Standard chemical extraction protocols, thin-layer chromatography, and liquid scintillation counting (see Zera and Zhao (2006) for details) were used to quantify the amount of radiolabel incorporated during a 5 h incubation period (28° C) into the following chemical components: expired CO 2 (trapped in aqueous NaOH contained in a cup near the top of the sealed fl ask); ovarian and somatic (whole-body minus ovaries) total protein; and somatic and ovarian total lipid, triglyceride and phospholipid. Incorporation of 14 C from glycine into carbohydrate was not measured because carbohydrate levels are low in morphs of G. fi rmus and do not appear to contribute signifi cantly to the trade-off between early age reproduction and fl ight capability (Zera and Larsen, 2001 ).
Experimental strategy and rational
This study consisted of two main parts, each of which had two components. In the fi rst part we tested whether LW(f) and SW morphs differ in (a) whole-organism fl ux (rate) through individual pathways of amino acid metabolism, and (b) allocation of end products of metabolism to individual body compartments (amount of metabolic products accumulated in ovaries or soma (body minus ovaries) during the assay period). In the second part, we investigated morph-specifi c tradeoffs in (a) proportional fl ux through bifurcating metabolic pathways (metabolic trade-offs), and (b) proportional allocation of metabolic products to the soma vs. ovaries (allocation trade-offs), using data obtained in part one. We quantifi ed both morph-specifi c differences in fl ux through individual pathways, as well as differences in the extent to which end products of these pathways are allocated to somatic vs. reproductive body compartments, because both of these factors are key biochemical components of life history adaptations. For example, amino acids can be transformed into triglyceride, which can function as either a somatic (fl ight fuel; Zera et al., 1999) or as a reproductive energy reserve, depending upon whether biosynthesized triglyceride is transported to somatic or reproductive body compartments.
In the fi rst part of the study, we quantifi ed the amount of radiolabelled carbon from injected 14 C-glycine that was incorporated into (a) protein (utilization of amino acid for protein biosynthesis; pathway 1, Fig. 1a ), (b) CO 2 (amino acid oxidation for energy production; pathway 2+3), and (c) lipid (conversion of amino acid into total lipid and various functionally important lipid components; pathway 2+4). We fi rst tested for morph-specifi c differences in whole-organism rates of production of individual metabolic products (e.g. protein or lipid) from glycine by pooling metabolite data from ovaries and soma (statistical analysis described below). We then tested for differences between the morphs in compartment-specifi c allocation of end products by comparing the morphs with respect to the quantity of various end products found in the ovaries or soma.
Although amino acids can be converted to a variety of important macromolecules (e.g. lipid, carbohydrate), lipid was the focus of conversion of amino acid into a non-protein constituent. This was done because a large proportion of amino acid can be converted into lipid (see Introduction), and lipid is composed of several key constituents (triglyceride and phospholipid), each of which can have important somatic or reproductive functions (e.g. triglyceride is the main fl ight fuel in Gryllus; Zera et al., 1999) . Large magnitude differences in lipid metabolism have previously been documented between morphs of G. fi rmus (Zhao and Zera, 2002; Zhao, 2003a and Zhao, 2003b; Zera, 2005) .
The focus of the second part of the study was morph-specifi c metabolic and allocation trade-offs. Metabolic tradeoffs (denoted by capital letters in Fig. 1a ) are defi ned as morph-differences in the proportional, whole-organism production of one of a pair of metabolites of a bifurcating metabolic pathway. Allocation trade-offs (denoted by capital letters in Fig. 1b) , by contrast, are defi ned as the proportion of a particular end product of metabolism that is found in one of two body compartments (e.g. soma/(soma+ovaries)). For example, we investigated whether morphs differed in the proportion of glycine that was used for protein biosynthesis vs. converted through the Krebs Cycle into non-protein constituents (CO 2 plus lipid; Trade-off "A" in Fig. 1a ), or the proportional allocation of biosynthesized protein to somatic vs. ovarian body compartments (trade-off "D" in Fig. 1b) . It is important to note that the extent to which morphs differ in fl ux through a single pathway or allocation to a single body compartment is independent of whether they differ in proportional metabolism through linked pathways or proportional allocation to different body compartments. Statistical analyses of these trade-offs are discussed below.
Estimating various trade-offs and testing their statistical signifi cance required pooling data on radiolabel incorporation in various ways, which was determined by whether metabolic or allocation trade-offs were being tested, and specifi c aspects of the pathways being compared (see Fig.  1a ). Because metabolic trade-offs were defi ned in terms of whole-organism production of metabolites, these tradeoffs always involved pooling data from somatic and ovarian body compartments to obtain whole-organism values. By contrast, allocation trade-offs, which were defi ned as the proportional diversion of a single metabolic product to different body compartments, never involved data pooling. Other types of pooling were required to test specifi c tradeoff hypotheses. For example, the fi rst metabolic trade-off tested, was the proportional diversion of carbon from glycine into protein, vs. non-protein metabolites (i.e. carbon derived from glycine metabolized through the Krebs Cycle to produce CO 2 and lipid; Trade-off "A"; Fig. 1a ). To test for the existence of trade-off "A" we compared radiolabelled whole-body (somatic+ovarian) protein vs. non-protein metabolites (CO 2 +total lipid in ovaries and soma), in LW(f) vs. SW morphs (see Table 3 for calculation of proportions). The next metabolic trade-off ("B" Fig. 1 ) involves the morph-specifi c proportional diversion of radiolabel from glycine into CO 2 vs. total (somatic plus ovarian) lipid (i.e. the relative oxidation of glycine for energy production vs. conversion into all lipid components). The final metabolic trade-off tested consisted of morph-specifi c, proportional diversion of radiolabel from glycine into total (whole-body) triglyceride (energy storage) vs. total phospholipid (structural lipid). Two morph-specifi c, organ-allocation trade-offs, involving the proportional incorporation of protein ("D"), or total lipid ("E"), biosynthesized from glycine, into ovarian vs. somatic body compartments were tested. These allocation trade-offs are illustrated in Fig. 1b , and calculation of proportions is described in Table 3 .
Each test of a morph-specifi c difference in fl ux through an individual pathway of metabolism, or allocation of an individual product of metabolism to a somatic or ovarian compartment, was independent of the other tests. The same was true for all tests of metabolic or allocation trade-offs. Furthermore, all tests were planned a priori contrasts used to investigate specifi c metabolic or allocation hypotheses. Thus "P" values from individual tests do not require Bonferroni-corrections for experiment-wide error.
Statistical analyses
Morph-specifi c metabolism of glycine through individual pathways and allocation to individual body compartments
Phenotypic differences between morphs in fl ux through a single metabolic pathway or allocation to a single body compartment were assessed by ANCOVA (part one of this study). The independent variable in the ANCOVA was DPM (radioactivity) of the metabolic product in whole bodies or in the body compartment in question, on a particular diet. The factors tested were MORPH [LW(f) or SW] and DIET (100%, 50%, and 25%). The covariate was total DPM from glycine incorporated into all metabolites in all body compartments (total incorporated counts; "TC"). Use of this covariate standardizes incorporation of radiolabel into a particular metabolite to total incorporation, which, in turn, eliminates the possibility that a difference between morphs in incorporation of radiolabel into a specifi c metabolite is simply due to a difference in TC. The overall ANCOVA was followed by tests of morph-differences on each of the three diets.
Morph-specifi c metabolic and allocation trade-offs
Incorporation of radiolabel from glycine into CO 2 , protein, and various lipid components in ovarian and somatic (whole-body minus ovaries) body compartments was measured in all individuals in this study. This allowed proportional metabolism of glycine (metabolic trade-offs; Fig. 1a ) and proportional allocation of metabolic products to somatic vs. reproductive body compartments (allocation trade-offs; Fig. 1b ) to be quantifi ed in each individual on each of the three diets and to be compared between morphs. Morph-specifi c trade-offs were tested by ANOVA of these proportions after arcsine transformation (to normalize distributions of proportions) (see Table 3 for calculation of proportions). As in the ANCOVAs, the factors tested in ANOVAs of proportions were MORPH [LW(f) and SW], and DIET (100%, 50%, and 25%).
Results
On the day of molt to adulthood (day 0), ovaries were small and equivalent in both morphs of the C-1 line (Table 1) . By contrast, on day 5, ovaries of this line were 3 times larger in SW females, with reduced fl ight muscles and reduced wings, compared with LW(f) females with large functional fl ight muscles and wings (Table 1 ). The greater increase of ovaries in SW vs. LW(f) females was independent of diet in the C-1 line. That is, the magnitude of increase was statistically equivalent in SW vs. LW(f) females on each of the three diets, and there was no interaction between MORPH and DIET. Crickets of the C-2 line, which were exclusively reared on the standard (100%) diet, also exhibited a significantly greater ovarian mass in SW vs. LW(f) females on day 5 of adulthood. Thus, the standard trade-off between masses of ovaries and organs of fl ight, observed in previous studies of G. fi rmus (Zera, 2005) , was observed in the present study.
On the day of molt to adulthood, no differences were observed between the LW(f) and SW morphs of the C-1 line with respect to any aspect of amino acid metabolism, or allocation of end products of metabolism to ovaries or soma (whole body minus ovaries) (Table 2) . Similarly, no differences were observed between morphs with respect to tradeoffs in proportional metabolism of glycine or proportional allocation of end products of glycine metabolism to ovarian or somatic organs on this day in C-1 females (data not shown). By contrast, on day 5 of adulthood, large magnitude differences were observed between morphs with respect to most aspects of absolute or proportional metabolism of glycine and allocation of end products of metabolism to the ovaries Table 1 . Whole-body and ovarian wet mass (mg) of wing morphs of G. fi rmus Table 2 . Incorporation of radiolabel from glycine into various metabolites in whole-bodies and somatic and ovarian body compartments of G. fi rmus of the C-1 line on day 0 (day of molt to adulthood)
Values are mean (±SEM) incorporation of radiolabel (DPM) standardized to total incorporated counts (covariate). ANCOVAs performed using total body wet mass alone or with total incorporated counts as the covariate gave essentially identical results as those shown above (data not shown). n.s.=P>0.4.
Values outside of parentheses are means ± (SEM). Values inside parentheses are sample sizes. n.s.=non signifi cant (P>0.05), ***=P<0.001 by one-way ANOVA (day-0 of the C-1 line and day-5 of the C-2 line), or two-way ANOVA (day 5 of the C-1 line). Percentages were arcsine transformed prior to ANOVA. Day 0 (day of molt to adulthood) crickets and day-5 crickets of the C-2 line had been raised exclusively on the standard diet, while day-5 crickets of the C-1 had been raised on three diets starting on day 0. Sample sizes for day-5 C-1 crickets: LW(f)=7, 7, 8; SW=7, 11, 11, for the 100%, 50% and 25% diets, respectively. For C-1 day-5 crickets, there was no signifi cant interaction between MORPH and DIET for either whole-body mass (P=0.35) or ovarian mass (P=0.34); thus only masses pooled across the three diets are given here.
or soma in C-1 females (Fig. 2 and Fig. 3; Table 3 ). A similar situation was observed for day-5 morphs of the C-2 line which were fed exclusively the standard diet (Table 4) . Results for the C-1 line will be considered fi rst.
Metabolism of glycine through individual metabolic pathways, and allocation to individual body compartments in C-1 crickets
Radiolabelled carbon from glycine was predominantly converted into protein (ca. 75% ), followed by CO 2 (ca. 20%), and total lipid (<5%) (Fig. 2) . C-1 SW females converted a greater amount of radiolabelled carbon from glycine into whole-body protein than did LW(f) females. Conversely, LW(f) females oxidized a greater amount of glycine into CO 2 , and converted a greater amount of rabiolabled glycine into whole body total lipid. The greater amount of total lipid was due to an elevated production of both of the major lipid components, triglyceride and phospholipid.
Diet also had a strong effect on glycine metabolism, infl uencing the incorporation of radiolabel from glycine into each of the main end products of metabolism (Fig. 2) . In each morph, the general trend was increased conversion of glycine into whole-body protein, coupled with decreased oxidation of glycine, and decreased conversion of glycine into lipids from the standard high nutrient (100%) diet, to the high carbohydrate diet (50%), to the low nutrient (25%) diets. This trend was especially evident in the decreased conversion of radiolabel from glycine into whole-body lipid and triglyceride from 100% to 25% diets (Fig. 2) .
Although diet had a strong effect on each of the main pathways of glycine metabolism, except in one case, the ef- Figure 2 . Whole-organism rates of metabolism of glycine into protein, CO 2 , total lipid, and major lipid components in day-5 LW(f) and SW morphs of G. fi rmus of the C-1 line fed three diets. Histograms represent mean±SEM radiolabel (DPM), derived from injected 14 C-glycine, that was incorporated into various metabolic end products during the 5 h incubation period. Sample sizes are given in Table 3 . Incorporated DPM were standardized to total incorporation by ANCOVA (see Methods). These standardized DPM are virtually identical to unstandardized DPM. The fi rst symbol within the parentheses denotes the overall effect of morph (pooled across diets), the second symbol denotes the overall effect of diet, and the third symbol denotes the interaction between morph and diet (i.e. dependence of morph-differences on specifi c diets). Symbols above histograms refer to analyses of morph-differences within individual diet treatments (***=P<0.005; *=P<0.05; n.s.=non-signifi cant).
fect of diet was similar in both morphs. That is, MORPH × DIET interactions were non-signifi cant in all cases except phospholipid production from glycine (Fig. 2) . This aspect of glycine metabolism did not differ between the morphs on the standard (100%) diet, but was signifi cantly higher in LW(f) vs. SW females on the 50% and 25% diets. 
Table 3.
Proportional diversion (trade-off) of radiolabel from 14 C-glycine to various metabolites in whole-bodies, and various body compartments in fl ight-capable [LW(f)] or fl ightless (SW) G. fi rmus from the C-1 line on day 5 of adulthood a Letters refer to trade-offs illustrated in Fig. 1.  b The fi rst symbol denotes the overall effect of morph ("M"; data pooled across diets) on the proportion of radiolabel diverted into alternate products or body compartments (morph-specifi c trade-off); the second symbol denotes the overall effect of diet ("D") on the diversion of radiolabel into alternate products or body compartments; the third symbol denotes the interaction between morph and diet ("I"; dependence of morph-differences on specifi c diets) (***=P<0.005; *=P<0.05; n.s.=non-signifi cant); Note; the same results are obtained in statistical analyses irrespective of which of the two traits is chosen as the numerator. With respect to allocation of biosynthesized products, SW females allocated signifi cantly more biosynthesized protein or lipid (P=0.06) to the ovaries than did LW(f) females (Fig. 3) . The amount of biosynthesized protein in the soma did not differ between the morphs, while LW(f) females allocated a greater amount of biosynthesized lipid to the soma than did SW females. Diet had only a minor effect on protein allocation to somatic or ovarian body compartments. By contrast, both morphs allocated a substantially reduced amount of biosynthesized lipid to the soma or ovaries on the 50% and 25% diets (Fig. 3) . As was the case for whole-organism production of end products of glycine metabolism (Fig. 2) , MORPH×DIET interactions were not signifi cant for allocation of protein or lipid produced from glycine to the soma or ovaries (Fig. 3) . Thus, although allocation of end products of glycine metabolism was, in general, strongly affected by diet, the effect was similar on both morphs.
Metabolic and allocation trade-offs in the C-1 line
Data described above refer to incorporation of radiolabel from glycine into various individual end products of metabolism in individual (somatic or ovarian) body compartments. When proportional production of products from linked pathways of metabolism (metabolic trade-offs), or proportional allocation of a single product to different body compartments (allocation trade-offs) was considered, a number of large-magnitude trade-offs was documented (Table 3 ). In no case was a MORPH×DIET interaction observed, and thus morph-specifi c trade-offs occurred to a similar degree across diets. Finally, diet, independent of morph, strongly affected metabolic but not allocation trade-offs.
SW females converted a proportionately greater amount of radiolabelled carbon from glycine into protein than did LW(f) females, while LW(f) females diverted a greater proportion of carbon from glycine through the Krebs Cycle to CO 2 plus lipid (Trade-off "A"; Table 3 ; Fig. 1a) . Compared with LW(f) females, SW females biosynthesized a proportionately greater amount of phospholipid as opposed to triglyceride (Trade-off "C"; Table 3 , Fig. 1a) . Finally, although LW(f) females produced a proportionately greater amount of both CO 2 and total lipid from glycine than SW females, the proportional production of these two products did not differ between the morphs. In other words, trade- Table 4 . Incorporation of radiolabel (DPM) from 14 C-glycine into various chemical constituents and body compartments in day-5 G. fi rmus of the C-2 line fed the standard (100%) diet off "B" (Table 3 ; Fig. 1a) was not signifi cant. Both morphs converted a proportionately greater amount of carbon from glycine into protein vs. non-protein products, into CO 2 vs. lipid, and into phospholipid vs. triglyceride on non-standard (25% and 50%), compared with the standard diet.
With respect to allocation of metabolic products to ovaries vs. soma, SW females allocated a proportionately greater amount of protein and lipid produced from glycine to the ovaries, while LW(f) females diverted a proportionately greater amount of these products to the soma. DIET had no effect on these two allocation trade-offs (Table 3) .
Absolute and relative metabolism of glycine and allocation of end products to the ovaries vs. soma for C-2 crickets raised on the standard diet
Crickets of the other control line (C-2), which had been raised exclusively on the standard diet, exhibited similar patterns of glycine metabolism and allocation of end products to somatic vs. ovarian compartments as crickets of the C-1 line fed the standard diet (Table 4) . As was the case for the C-1 line, SW females of the C-2 line incorporated a signifi cantly greater amount of radiolabelled carbon from 14 C-glycine into wholebody protein, ovarian protein, and ovarian total lipid compared with LW(f) females. Similarly, LW(f) females incorporated a signifi cantly greater amount of radiolabel from glycine into CO 2 , whole-body total lipid, somatic total lipid and triglyceride. Finally, except for the signifi cant morph-specifi c trade-off in the diversion of radiolabel into CO 2 vs. lipid (non-significant in C-1 crickets), all signifi cant trade-offs in C-2 crickets were observed in C-1 crickets (Table 4) .
Discussion
Results obtained in the present study relate to two important topics: the biochemical basis of morph-specialization in dispersal polymorphic insects, and the more general issue of the biochemical basis of life history trade-offs. Adaptations for fl ight vs. reproduction in dispersal polymorphic insect species have primarily been studied from physiological or morphological perspectives. Relatively little information is available on the biochemical basis of these adaptations, especially with respect to in vivo aspects of intermediary metabolism. Similarly, there is a paucity of biochemical information for the more general topic of life history trade-offs (Zera and Harshman, 2001; Zhao and Zera, 2002; Zera, 2005) . Yet the differential diversion of nutrients through alternate pathways of metabolism is expected to be a key component in life history trade-offs and morph specializations for dispersal vs. fl ight. The present and recent studies in G. fi rmus (Zera and Harshman 2001; Zhao and Zera 2002; Zera, 2005; Zera and Zhao, 2006) constitute the fi rst direct demonstrations and estimations of the magnitudes of in vivo trade-offs in fl ux through pathways of intermediary metabolism that underlie within-species life history trade-offs, such as specializations for fl ight vs. reproduction in dispersal polymorphic insects.
Morph-specifi c trade-offs in amino acid metabolism
One of the most important fi ndings of the present study was the ubiquity of large-magnitude trade-offs of internal resources in control lines of G. fi rmus (Fig. 2; Table 3 ). LW(f) and SW morphs typically differed by about 40-50% in the proportional allocation of radiolabelled carbon from glycine into alternate products of metabolism or into somatic vs. reproductive organs. Importantly, these trade-offs occurred during but not prior to the period of adulthood when the dramatic trade-off occurs between ovarian growth and triglyceride accumulation in the morphs (Zera and Larsen 2001) , and were observed when crickets were fed a variety of diets. These results, combined with data from other recent studies on lipid and amino acid metabolism in artifi cially selected lines of G. fi rmus (see below), strongly suggest that largescale modifi cations of multiple, interacting pathways of intermediary metabolism are key components of the specialization for reproduction vs. fl ight-capability in G. fi rmus.
As expected, SW females diverted a greater amount of 14 C-glycine to biosynthesis of ovarian protein at the expense of somatic protein on each diet (Fig. 3) . Elevated biosynthesis of ovarian proteins such as vitellogenin is likely a major factor responsible for the greater ovarian growth in the SW morph, which occurs primarily by accumulation of protein into eggs. The higher rate of total protein biosynthesis from glycine in SW vs. LW(f) morphs (Fig. 2) suggests that total protein biosynthesis is not equivalent in the morphs, and that the enhanced reproductive output of the SW morph requires more protein biosynthesis than does fl ight capability in the LW morph. To our knowledge, this is the fi rst estimate of the relative costs of these two important organismal functions, in terms of protein biosynthesis, in any organism.
It is likely that other functionally important trade-offs exist between morphs involving amino acid metabolism, which were not measured in the present study. For example, a greater proportion of somatic protein biosynthesis was likely devoted to the production of fl ight muscle and fat body proteins in LW(f) vs. SW females, because these two organs are considerably larger in the LW(f) morph Zera and Zhao 2003a ). An important topic for future research is the contribution of these organ-specifi c differences in amino acid metabolism to the overall fl ight-fecundity trade-off.
Another important fi nding of the present study was the substantially greater oxidation of glycine by LW(f) vs. SW females on each of three diets ( Fig. 2 ; Table 3 and Table 4 ). This observation is noteworthy in light of the reverse situation for morph-specifi c oxidation of fatty acids, which is 100% greater in SW than in LW(f) females on day 5 of adulthood (Zera and Zhao, 2003b; Zera, 2005) . The present and previous studies collectively demonstrate remarkable morph-specifi c complementary interactions between amino acid and lipid metabolism that result in the morph-specific sparing vs. oxidation of specifi c nutrients. Increased oxidation of amino acids for energy in LW(f) females appears to preferentially spare fatty acids, allowing their enhanced conversion into triglyceride, the main fl ight fuel of this species. Conversely, increased oxidation of fatty acid by the SW morph appears to preferentially spare amino acids for enhanced conversion to ovarian protein. To our knowledge these data together with analogous information on genetic interactions between lipid and amino acid metabolism (Zera and Zhao, 2006; see below) are the fi rst detailed information on interactions between different pathways of intermediary metabolism that underlie adaptations to different life histories, either within or between species. These data also constitute one of the most striking cases of adaptive divergence in intermediary metabolism among phenotypes within a species of which we are aware. These key metabolic differences could only have been identifi ed by detailed in vivo studies of metabolism. Because the respiratory quotients of amino acid and lipid are approximately equivalent (Withers, 1992) , differences between the morphs in lipid vs. amino acid oxidation would have gone undetected if metabolic differences between morphs had only been compared using whole-organ respirometry, a common approach in functional studies of life history trade-offs (Zera and Harshman, 2001) .
LW(f) females also diverted a greater amount of amino acid through the Krebs Cycle into lipid, compared with SW females (Fig. 2, Table 3 and Table 4 ). This greater diversion likely refl ects the higher demand for triglyceride fl ight fuel (Zera et al., 1999) in the LW(f) morph (note: morphs did not fl y during the study; the differential production of triglyceride solely refl ects the preparation for fl ight). Indeed LW(f) females preferentially converted radiolabelled carbon from glycine into triglyceride as opposed to phospholipid ( Table 3 and Table 4 , Fig. 2) ; phospholipid is a structural lipid not used as a fl ight fuel. Previous studies (Zera and Zhao, 2003a,b; Zhao and Zera, 2002; Zera, 2005) have identifi ed three important metabolic modifi cations that underlie the enhanced accumulation of triglyceride fl ight fuel (Table 5) : (a) increased de novo biosynthesis of fatty acids, (b) greater proportional diversion of fatty acids into triglyceride vs. phospholipid, and (c) reduced oxidation of lipid. The present study has identifi ed a fourth metabolic modifi cation: increased conversion of amino acids into triglyceride.
The higher rate of amino acid metabolism through the Krebs Cycle by LW(f) lines, observed in the present in vivo study (Fig. 2 , Table 3 and Table 4 ), is supported by independent evidence obtained in a previous in vitro enzymological study (Zera and Zhao 2003a) . In that study, LW(f) lines of G. fi rmus exhibited signifi cantly higher in vitro activities of alanine and aspartate aminotransferases, enzymes which convert amino acids into Krebs Cycle intermediates. The existence of elevated activities of multiple aminotransferases in LW(f) lines, which act on different classes of amino acids, also suggests that enhanced diversion of amino acids through the Krebs Cycle likely occurs for amino acids in general, not only for glycine.
Variation in the allocation of nutrients to life history traits can result from variation in the intake of external re- Table 5 . Summary of differences in amino acid and lipid metabolism between fl ight-capable and fl ightless morphs of G. fi rmus
Values are for individuals reared on the "standard" diet (See Zera and Larsen, 2001 for diet composition). Flight capable=long-winged individuals with large pink (functional) fl ight muscles; fl ightless=short-winged individuals with underdeveloped fl ight muscles. References: A=Zhao and Zera, 2002; B=Zhao and Zera, 2001; C=Zera and Zhao, 2003a; D=Zera and Zhao, 2003b; E=Present Study and Zera and Zhao (2006) ; F=Zera and Brink, 2000. sources as well as by the differential biosynthesis of internal nutrients (Boggs, 1997a and Boggs, 1997b; O'Brien et al., 2002 and O'Brien et al., 2005; Zera and Harshman, 2001 ) (see below). On the standard diet, LW(f) and SW lines only differ to a small degree (<10%) in total food consumption or assimilation of total nutrients, protein, lipid, or carbohydrate from ingested food (A. J. Zera, unpublished data) . This situation is similar to fl ightless and fl ight-capable morphs in other Gryllus species, which do not differ signifi cantly in nutrient consumption or assimilation (Mole and Zera, 1993; Zera and Harshman, 2001; Zera et al., 1998) . Thus, the primary mechanism by which various chemical constituents such as protein and lipid are differentially accumulated and allocated to reproductive vs. somatic functions is by morph-specifi c metabolic conversions of nutrients following assimilation from the diet. Wing polymorphism in G. fi rmus is one of the only experimental models for which quantitative assessments have been made regarding the relative importance of variation in nutrient acquisition vs. variation in internal nutrient biosynthesis to a life history trade-off. Surprisingly, very limited data are available on nutrient acquisition in most experimental models used in physiological studies of life history trade-offs (Zera and Harshman 2001) , a notable exception being the studies of co-workers ((Boggs, 1997a and Boggs, 1997b; O'Brien et al., 2002 and O'Brien et al., 2005) ; see Zera and Zhao (2006) for an extensive discussion for work by Boggs and co-workers as it relates to morph-specifi c amino acid metabolism in Gryllus.
Comparison between phenotypic studies of control lines vs. genetic studies of selected lines
Phenotypic differences in amino acid metabolism between LW(f) and SW morphs from unselected control lines reported in the present study were very similar to genetic differences in amino acid metabolism between morphs from selected lines of the same artifi cial selection experiment reported in a companion study (Zera and Zhao, 2006;  Table 6 ). For each trade-off in amino acid metabolism, direction and magnitude of the difference between LW(f) and SW morphs were similar in these two studies (Table 6 ). For example, the median average difference between morphs (difference between morphs/mean of morphs for each trade-off averaged over all trade-offs) was 44% and 47%, respectively, for morphs from control vs. selected lines (Table 6 ). For both control and selected lines, morphs differed to a much greater degree for trade-offs "D" and "E" than trade-offs "A" and "C". These parallel phenotypic and genetic differences between morphs in control and selected lines of G. fi rmus bear on an important empirical issue in the analysis of life history trade-offs.
The extent to which genetic vs. phenotypic analyses are appropriate methods to study life history evolution is a subject of debate (Rose et al., 1996; Zera and Harshman, 2001) . Genetic analyses are especially relevant for evolutionary investigations of life histories, but they also are much more labor intensive than phenotypic analyses (but which cannot estimate the proportion of phenotypic variation due to genetic vs. environmental causes). Genetic analyses of continuous traits (e.g. most biochemical and physiological traits) either require multigenerational artifi cial selection or single generation breeding designs (e.g. half sib analyses), both of which are very labor intensive because of the large sample sizes required. If conclusions derived from phenotypic analyses of unselected control lines are similar to those derived from genetic analyses of artifi cially selected lines, then phenotypic analyses would be advantageous, because they are much easier to perform, and because it is diffi cult to perform genetic crosses on many organisms. Few studies have directly compared results obtained from genetic analyses of selected lines Table 6 . Proportional conversion (trade-offs) of 14 C from glycine into alternate metabolites or allocation into alternate compartments in control or selected lines of G. fi rmus fed the standard (100%) diet a Data are mean (±SEM) values for selected lines [data from Zera and Zhao (2006) ] or from control lines (Table 3 and Table 4) ]. Only data for crickets raised on the standard diet are given here. Means for selected lines were based on assays of 6-9 individuals. b For selected lines "lipid"=triglyceride (total lipid was not measured), while for control line "lipid"=total lipid.
with phenotypic analyses obtained from control lines of the same artifi cial selection study (Leroi et al., 1994; Zera and Bottsford, 2001; Zera and Harshman, 2001 ). The similar results obtained from the present phenotypic and companion genetic studies (Table 6) indicate that the less labor intensive phenotypic analyses appear to be useful surrogates for the much more laborious genetic analyses with respect to identifying evolutionary important phenotypic variation in amino acid metabolism underlying life history trade-offs in G. fi rmus. These results are similar to ecdysteroid titers, which also exhibit parallel differences between morphs from control vs. between artifi cially selected lines (Zera and Bottsford, 2001) .
It is important to note two important limitations of our biochemical studies of life history trade-offs in Gryllus. First, all biochemical studies of Gryllus have been undertaken in long-term laboratory populations that had been maintained for several years after initiation from fi eld-collected individuals. We currently have no information on biochemical differences between morphs in fi eld populations measured under fi eld conditions. This limitation also applies to the vast majority of studies of dispersal polymorphism and life history evolution in insects, which also have typically been undertaken on long-term laboratory populations. Biochemical adaptations different from those in fi eld populations can evolve in long-term laboratory populations (Gibbs, 1999; Harshman and Hoffmann, 2000) . Thus, an important topic for future research is the extent to which biochemical specializations for dispersal and reproduction identifi ed in laboratory populations also occur in individuals in the fi eld. The second limitation is that all biochemical studies on intermediary metabolism in dispersal polymorphic species thusfar have been undertaken in a restricted set of species: those of the genus Gryllus. The extent to which parallel morph differences occur in other wing-polymorphic species is unknown and is also an important topic for future studies.
Data obtained in the present study extend results obtained in the genetic analysis of Zera and Zhao (2006) in several important ways. First, unlike the study of Zera and Zhao (2006) the present study investigated morph differences in amino acid metabolism both during the period of adulthood (day 5) when the trade-off between ovarian growth and triglyceride accumulation occurs (day 5; Fig. 2 and Fig.  3 ; Table 3 ), as well as prior to that time (day 0; Table 2 ). The occurrence of morph-differences in amino acid metabolism on day 5 but not on day 0 strengthens the argument that the biochemical differences between morphs contribute to the trade-off between ovarian growth and preparation for fl ight (i.e. the biochemical differences underlie the life history trade-off). Second, the genetic study of Zera and Zhao (2006) did not investigate the effect of diet on morph differences in amino acid metabolism. In the present study, in nearly all cases, the magnitude of morph-differences in amino acid metabolism were independent of specifi c diets that are known to have strong effects on morph physiology, and amino acid and lipid metabolism. Thus morph-differences are robust, and are consistently manifest under a wide range of environmental conditions. In many cases (e.g. studies in Drosophila), life history variation and trade-offs are sensitive to environmental conditions and sometimes are manifest sporadically (Rose et al., 1996) . Importantly, the failure to observe MORPH×DIET interactions in G. fi rmus was not due to an absence of an effect of diet on metabolic characteristics. Diet typically had a strong effect on nearly all aspects of amino acid metabolism, but the effect was similar in both morphs (Fig. 2 and Fig. 3 ; Table 3 and Table 4 ). The absence of MORH×DIET interactions for amino acid metabolism in the present study was similar to the absence of MORPH×DIET interactions observed in previous studies of lipid oxidation (Zera and Zhao, 2003b) , and lipid biosynthesis in G. fi rmus (Zhao and Zera, 2002) . By contrast, strong MORPH×DIET interactions were observed in studies of lipogenic enzyme activities (Zera and Zhao, 2003a) . The signifi cance of the absence of MORPH×DIET interactions in in vivo studies of lipid and amino acid metabolism coupled with the present of MORPH×DIET interactions in in vitro studies of lipogenic enzyme activities is unclear at present.
The fi nal point to be made is that the present and previous studies (Zera and Bottsford, 2001; Zera and Cisper, 2001; Zera et al., 1998 and Zhao, 2003a and Zhao, 2003b; Zhao, 2004 and Zhao, 2006; Zhao and Zera, 2002) illustrate the exceptional power of wing polymorphism in G. fi rmus as an experimental model to investigate functional aspects of the trade-off between dispersal and reproduction. Differences between LW(f) and SW morphs of G. fi rmus in aspects of dispersal and reproduction are of large magnitude, are as great or greater than differences between species, and exist over a wide range of environmental conditions. These dramatic, discrete differences in life history, in turn, have provided the material to demonstrate large-magnitude differences in intermediary metabolism and physiology that contribute signifi cantly to life history trade-offs (Zera and Larsen, 2001; Zhao, 2003a and Zhao, 2003b; Zera, 2005; Zhao and Zera, 2002) (Fig. 2 and Fig. 3 ; Table 3, Table 4 and Table 5 ).
